He et al 7 demonstrated that activating the PI3K/Akt/eNOS signaling pathway attenuates myocardial apoptosis induced by ischemicreperfusion (I/R) in mice via cleaving caspase-3 expression, elevating the Bcl-2/Bax ratio, and restoring NO production.
Hydromorphine (HDM) is a semi-synthetic derivative of morphine. 8 Increasing evidences showed that opioids can prevent calcium overload and maintain stability of the cytoplasmic membrane to protect cardiomyocytes against myocardial I/R injury. 9, 10 In the previous study, we have found that hydromorphine postconditioning can relieve ischemia-reperfusion injury in isolated perfused rat heart. 11 However, the underlying protective mechanism of hydromorphine postconditioning on myocardial I/R injury remains unknown. Therefore, in this study, we aimed to identify the role of the PI3K-Akt-eNOS signal pathway in the treatment of myocardial I/R injury with hydromorphine.
| MATERIAL S AND ME THODS

| Animals
The use of rats for this research was approved by the Animal
Care and Use Committee of Southwest Medical University.
The 90 Sprague-Dawley aged rats, aged 18 ~ 20 months, weight 400 ~ 550 g, were purchased from Southwest Medical University. Male Sprague-Dawley rats, aged 2 ~ 3 months, weighing 250 ~ 320 g, were provided by animal center of Southwest Medical University.
| Isolated perfused heart preparation
ML176 Langendorff perfusion system (AD Instruments, Australia) was used to establish the rat model of isolated cardiac perfusion.
Rats were anesthetized with 1% sodium pentobarbital (6900083, Solarbio, Beijing, China) (30 mg/kg IP) and heparinized (500 U/kg IP) before cannulating and excising the hearts. 
| Experimental groups
Fifty rats were divided into five groups (n = 10) with random number 
| Measurement of the myocardial infarct size
Myocardial infarction volume, as described previously, was evaluated by 2,3,5-triphenyltetrazolium chloride (TTC) staining method. 13 Atriums and arteries were removed from the isolated hearts. Subsequently, the preserved ventricle was frozen at −30°C for 15 minutes and the left ventricle (LV) was sliced into 1-mm-thin transverse slices, which were soaked in 1% TTC at 37°C and away from light for 15 minutes. Each slice was measured by HP ScanJet 4300C (Hewlett Packard, USA)
to calculate myocardial infarct area/area at risk (IFN/AAR) and area at risk/LV (AAR/LV). At the completion of reperfusion, the coronary effluent was collected in a vacuum tube to assess the infarct degree.
The method of determination of the CKMB and Tn-T levels of coronary effluent were performed using ELISA kits (Sigma-Aldrich, Darmstadt, Germany) following the manufacturer's instructions.
| Cardiac function test
Cardiac function indexes were evaluated as previously described. and maximum rise/down velocity of the pressure of left ventricular chamber (± dp/dt max)were continuously measured by a ML785
Powerlab/8SP multichannel physiological recorder (AD Instruments, Australia).
| Determination of total nitric oxide and nitrotyrosine content
Left ventricle myocardium after reperfusing for 60 minutes was homogenated by ultrasonic pulverizer. The supernatant was extracted by centrifuging the homogenate for 20 minutes at 2000 g to determine total nitric oxide and nitrotyrosine content in myocardium using the nitrate reductase method.
| Western blot analysis
The expression levels of Akt, p-Akt, eNOS, and p-eNOS protein were measured using Western blot. After reperfusion, the total protein of the same part of left ventricle myocardium was extracted using RIPA buffer. Total protein was measured using the BCA method, as previously described. 15 The primary antibodies were used as follows: pAkt, Akt, eNOS, and p-eNOS (1:1000, Abcam, Cambridge, UK), and GAPDH (1:2500, Santa Cruz Biotechnology, Luzhou city, Sichuan
Province, China). Densitometric analyses were performed using an image analyzer Fusion Solo 7S (VilBer, Paris, French).
| Statistical analysis
All results, shown as mean ± standard deviation, were analyzed using SPSS 17.0 (IBM, Armonk, NY, USA). Cardiac function indexes and Akt, p-Akt, eNOS, and p-eNOS levels were analyzed by multivariate analysis of variance. NO levels were compared using one-way ANOVA P < 0.05 was considered statistically significant.
| RE SULTS
| Posttreatment with hydromorphine attenuated myocardium infarct size after I/R injury
We measure myocardial infarct size using TTC staining method (Figure 2A ). There was no difference in AAR/LV among the groups ( Figure 2B ). However, a INF/AAR ratio was induced by I/R ( Figure 2C ).
Compared with I/R group, isolated perfused rat hearts posttreated with hydromorphine following I/R injury exhibited a lower INF/AAR ratio. Importantly, the efficacy of hydromorphine posttreatment on I/R injury was blocked by LY294002. Compared with I/R group, myocardial infarct size was markedly increased.
| Posttreatment with hydromorphine attenuated the level of CKMB and Tn-T after I/R injury
Compared with Sham group, I/R injury increased the levels of CKMB and Tn-T in the coronary effluent. Hydromorphine posttreatment effectively blocked the increase of the levels of CKMB and Tn-T compared with I/R group, and the effect of hydromorphine was blocked by LY294002 ( Figure 3A ,B).
| Posttreatment with hydromorphine relieved cardiac dysfunction after I/R injury
Before reperfusion, there was no significant difference in cardiac LV function and CF among the groups. After 60 minutes of reperfusion, the I/R group showed a remarkable reduction in HR (P < 0.05, Figure 4A ), LVDP (P < 0.05, Figure 4B ), RPP (P < 0.05, Figure 4D ), + dp/dt max (P < 0.05, Figure 4E ), -dp/dt max (P < 0.05, Figure 4F ), and a significant increase in LVEDP (P < 0.05, Figure 4C 
| Posttreatment with hydromorphine upregulated Akt, eNOS, and NO signaling molecules following I/R injury
The activation of Akt/eNOS pathway was detected using Western blot analysis to illuminate the protective mechanism of hydromorphine on myocardial I/R There was no significant difference in the ratio of p-Akt/Akt between the rats in the sham and I/R group (P > 0.05, Figure 5A ). However, compared with the sham group, the I/R group exhibited significant decreases in the levels of both peNOS and NO (P < 0.05, Figure 5B ,C). The rats in I/R + HDM group showed significant increases in the levels of NO, p-Akt, and p-eNOS 
| D ISCUSS I ON
Opioid drugs have been demonstrated that they might significantly protect the brain and heart against I/R injury via inhibiting calcium overload, oxygen free radicals, and inflammatory reaction. 9, 10 For example, morphine postconditioning protects isolated rat heart against myocardial I/R injury by down-regulating JNK/p38 MAPKs, mitochondrial permeability transition pores closing and Cyt-c release. 16 Hydromorphine, mainly acting on the μ-receptor, is a semi-synthetic derivative of morphine. It not only enhances effect of analgesic and reduces adverse drug reaction but is extensively used in clinical anesthesia and analgesia. 17 , 18 Yi et al 19 found that the potential However, little is realized about the protective mechanism of hydromorphine postconditioning on isolated perfused rat heart subjected to I/R injury. In the present study, it is the first time that hydromorphine postconditioning markedly reduced infarct size as evidenced by TTC staining after myocardial I/R injury in rats. We also demonstrated that hydromorphine postconditioning resulted in significant recovery of cardiac function, CKMB, and TN-T levels in isolated perfused rat heart suffering from I/R injury. The level changes of CKMB and Tn-T among all groups were consistent with the changes of myocardial infarct size, suggesting that the rat model of isolated cardiac reperfusion was successfully established and hydromorphine exerts a protective effect against myocardial I/R injury.
More importantly, we found that the underlying protective mechanism of hydromorphine postconditioning might be related to activation of PI3K-Akt-eNOS-NO signaling pathways.
Although the pathogenesis of myocardial I/R injury is complex, apoptosis is one of the major pathogenic mechanisms of I/R injury, because calcium overload, oxygen free radicals, and inflammatory reaction all can lead to cardiomyocyte apoptosis. [20] [21] [22] Qin et al 23 showed that miR-497 inhibited cardiomyocyte apoptosis via downregulating the expression of Mfn2 in mouse heart following myocardial I/R injury. Besides, PI3K-Akt signaling pathways play a vital role in cell apoptosis. [24] [25] [26] He et al 27 demonstrated that methylophiopogonanone A suppresses ischemia/reperfusion-induced myocardial apoptosis, improving cardiac function, and salvaging myocardium I/R injury via activating PI3K/Akt signaling pathway. In the present study, we found that hydromorphine significantly increased the phosphorylation of Akt in isolated perfused heart subjected to I/R injury, while the phosphorylation was blocked by LY294002 (an inhibitor of PI3K). The result was suggested that the inhibition of cardiomyocytes apoptosis via activating PI3K/Akt signaling pathway might be one of the critical mechanisms of the cardioprotective effects of hydromorphine via during myocardial I/R injury.
Nitric oxide synthase (NOS) is a critical class of enzyme that catalyzes L-arginine to produce NO in the myocardium, consisting endothelial NOS (eNOS) and inducible NOS (iNOS). 27, 28 Endothelial NOS is localized in the caveolae released by endothelial cell, and it regulates heart rate and strain on the cardiovascular. However, iNOS is absent in healthy rat heart, while highly expressed under pathological conditions, such as ischemia, hyperglycemia, and inflammation. 28 Increasing evidences suggested that phosphorylation of eNOS, the target of Akt, was an important downstream effector in survival signaling in cardiomyocytes. [29] [30] [31] Raleigh et al 32 demonstrated that recombinant human relaxin-2 (serelaxin) protects myocardium against I-R injury by eNOS activation, while eNOS knock out abolished serelaxin's beneficial effects. Our results also showed that hydromorphine exhibited significant effect of increases in the levels of both p-eNOS and NO in the isolated perfused heart following I/R injury compared with sham group. However, Li MY et al 33 found polydatin protects diabetic rat perfused heart against I/R Injury via increasing the phosphorylation level of eNOS but not increasing NO metabolites, which is paradoxical with our data. Therefore, this inconsistent result suggested that other forms of NOS probably also played a key role in this process, and further research is definitely needed. During MI/R injury, both the excessive and excessively low NO metabolites for a prolonged period of time exert adverse effects in cardiomyocytes. 34 Meanwhile, nitric oxide (NO) can combine with superoxide F I G U R E 5 Posttreatment with hydromorphine protected isolated rat heart against I/R injury via upregulating p-Akt,p-eNOS, NO signaling molecules. A, Representative immunoblotting photographs for myocardial p-Akt, Akt, and GAPDH expression. B, Representative immunoblotting photographs for myocardial p-eNOS, eNOS, and GAPDH expression. C, NO content in I/R myocardial tissue was measured by using the Griess methods. Results are shown as mean ± SD. *P < 0.05 vs Sham, #P < 0.05 vs I/R, △P < 0.05 vs I/R + HDM, δP < 0.05 vs I/R + LY + HDM; n = 10 per group free radicals to product synthesize peroxynitrite (ONOO-), leading to myocardial injury by nitrative stress. 35, 36 Thereby, these findings may on account of different disease models, type, and dose of drugs.
This study propounded a potential therapeutic strategy for I/R injury. However, there are many limitations to explore in the present. The use of PI3K agonists and eNOS agonists and antagonists can make the experiment more rigorous. Besides, isolated perfused heart model of myocardial ischemic and reperfusion will be affected by nerves, body fluids, which is a significant deficiency but an advantage compared with the myocardial I/R model in vivo. It is greatly necessary to perform clinical investigation and further mechanism research to study the advantages of hydromorphine for patients in cardiac surgery compared with other opioids and explore the protective effect of different opioid receptors.
| CON CLUS IONS
In summary, we showed that the cardiac dysfunction of the isolated rat heart followed I/R injury mainly seems to be the result of changes in the down-regulation of PI3K-Akt-eNOS signaling pathways. Hydromorphine posttreatment protected cardiac function against myocardial I/R injury by activating PI3K-Akt-eNOS signaling pathways, which play a important role in improving myocardial I/R injury. These results revealed that hydromorphine may be a effective candidate for the treatment of myocardial I/R injury in cardiac surgery and ischemic heart diseases.
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